Objective. To observe the expression of monocyte chemotactic protein 1 (MCP-1) in acute lung injury (ALI) rat model, to characterize its effect on the development and progression of ALI, and to identify the potential new drug delivery approach during in vivo experiment. Method. The effects of different doses of lipopolysaccharide (LPS) on human pulmonary artery endothelial cells (HPAEC) were tested. For the animal experiments, thirty Sprague-Dawley (SD) rats were divided into physiological saline control group (NC group), the LPS model group (L group), the antagonist RS102895 combined with LPS group (R + L group), and the antagonist RS102895-loaded polyaldehyde dextran nanoparticles combined with LPS group (DNPR + L group). The blood gas analysis and dry/wet weight ratio were detected 24 hours after interventions. The levels of inflammatory factors, tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-1β), were tested by ELISA. The expression of monocyte chemoattractant protein-1 (MCP-1) in lung tissues was examined through Western blot, and the change of MCP-1 mRNA expression level was detected by performing RT-PCR. Result. LPS was responsible for inducing ALI in rats, and the degree of cell damage was dose-dependent. Blood gas analysis of L group showed that PaO2 and PaO2/FiO2 levels were significantly lower than those of the NC group (P < 0 05), while the dry/wet weight ratio of lung tissues in L group increased (P < 0 05). Inflammatory factors including TNF-α and IL-1β and the expression of MCP-1 in both protein and mRNA levels were higher in L group than in the NC group (P < 0 05). The inhibition of the interaction between MCP-1 and chemokines receptor 2 (CCR2) by antagonist RS102895 can significantly alleviate the ALI in rats, which is accompanied by a significant decrease of inflammatory factors and MCP-1 expression (P < 0 05). Compared with R + L group, treatment with DNPR and LPS combination significantly improved the condition of rats and decreased the level of TNF-α, IL-1β, and MCP-1 expression (P < 0 05). Conclusion. In ALI, RS102895 can inhibit the MCP-1/CCR2 interaction, therefore, retarding the progress of ALI. Because of the high transfection efficiency of inhibitor RS102895packgaed by polyaldehyde dextran nanoparticles, this phenomenon particularly reached a significant level. The results imply new insights for the treatment of ALI.
Introduction
Acute lung injury (ALI) and its severe stage, acute respiratory distress syndrome (ARDS), are defined as acute pneumonia and tissue damaged disease. The clinical symptoms include acute hypoxemic respiratory failure, reduced pulmonary compliance, excessive pulmonary inflammation, pulmonary edema, and diffuse alveolar damage due to an imbalance of pulmonary gas exchange and blood flow [1, 2] . ALI is mainly caused by acute inflammations induced by infection, trauma, or gastric acid sucking [3] [4] [5] . Up until now, researchers have made great progress in the pathogenesis of ALI and ARDS by proposing various treatments; however, the morbidity and mortality of these diseases remain high [6] [7] [8] .
The pathogenesis of ALI is very complicated as alveolar macrophages play a key role in the development of ALI. Alveolar macrophage is the most common nonparenchymal cells in lung tissue. Once activated by bacterial or viral infection, macrophages generate and release a large number of inflammatory cytokines and chemokines, at the same time, transport a large number of leukocytes to the lesion [9, 10] . Meanwhile, cell signaling is activated through multilevel signal transduction with a cascade of inflammatory transcription factors activation, inflammatory cytokines genes overexpression, excessive immune response, and inflammatory response [11] . Chemokines are crucial in leukocyte recruitment, activation, and related functions as well as in the progression of inflammation. Previous work showed dextran sulfate-graft-methotrexate conjugate therapeutic value and targeted the SR-expressed activated macrophages in the treatment of collagen-induced arthritis [12] . On account of the small size, nanoparticles possess greater physical activity, enabling contact between the molecules and target cells, and improving therapeutic efficacy [13, 14] . Self-assembled nanoparticles with chemokine receptor antagonist RS102895 and polyaldehyde dextran were prepared to improve lung injury for this study.
In this study, in vitro HPAEC model is used to study the effect of LPS on cell damage. Then a rat model of LPS-induced ALI was built and evaluated by blood gas analysis. Furthermore, we compared the inhibition efficiency between direct administration and polyaldehyde dextrancoated nanoparticles with antagonist RS102895, expecting to find a better approach to achieve high-efficiency inhibitor delivery with less extra injury. Finally, in this study, we discuss the underlying mechanism of MCP-1 in ALI rat model and provide new therapeutic ideas for the clinical treatment of ALI.
Materials and Methods
Cell lines. The culture medium of HPAEC and endothelial cells were purchased from ScienCell (Carlsbad, CA, USA).
(1) Animals. Thirty adult male Sprague-Dawley rats weighing 200-220 g were purchased from Shanghai SLAC Laboratory Animal Co., Ltd (Shanghai, China).
(2) Reagents. DPBS and trypsin were purchased from Gibco (Carlsbad, CA, USA); LPS was purchased from Sigma (St. Louis, MO, USA); CCK-8 ELISA kit was purchased from Beyotime Biotechnology (Shanghai, China); Annexin V-APC/7-AAD kit was purchased from BioLegend (San Diego, CA, USA); TNF-α and IL-1β ELISA kit were purchased from R&D system (Minneapolis MN, USA); MCP-1 antibody was purchased from BioLegend (San Diego, CA, USA); the design and synthesis of MCP-1 mRNA primer were by Invitrogen (Carlsbad, CA, USA); RNA and RNAase H-reverse transcriptase were purchased from Invitrogen (Carlsbad, CA, USA); and RS102895 was purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Dextran was purchased from Nobilus, Kutno Company. Sodium periodate was purchased from Sigma-Aldrich Company. Ethylene glycol was purchased from Chempur, Piekary Slaskie Company.
Cell Treatment.
Logarithmic phase HPAEC cells in good conditions were digested and adjusted to a density of 1 × 10 5 cells per mL with culture media supplemented with 10% fetal bovine serum and 1% penicillin and streptomycin and then were plated 1 mL per well into a 12-well plate. The cells were grown until confluence reached 70%-80% before the LPS treatment. The supernatant of culture media was removed, and the cells were washed once using Dulbecco's phosphate-buffered saline (DPBS). Then cells were divided into control group and experimental groups: experimental groups were treated with different concentrations of LPS solutions (100 ng/mL, 500 ng/mL, and 1 μg/mL), while the control group was treated with culture media. Each treatment was done in triplicate. All groups of cells were cultured in a humidified atmosphere with 5% CO 2 at 37°C.
Cell Viability.
After LPS interventions for 24 h, the supernatant was removed, and the cells were washed twice using DPBS. 1.1 mL CCK-8 working solutions (0.1 mL CCK : 1 mL culture medium) were then added to each well. Culture supernatants were collected 4 hours after incubation and added into a 96-well plate (100 μL per well). Absorbance for collected culture supernatants was measured at 450 nm.
Apoptosis Assay.
The cells were harvested 24 h after LPS treatments, washed twice with binding buffer, and suspended in 500 μL annexin V binding buffer. Following that, the cells were stained with 2 μL Annexin V-APC and 5 μL 7-AAD at room temperature for 10 min protected from light. The stained cells were then subjected to flow cytometry for analysis.
2.4. ALI Model of SD Rats. Thirty SD rats were randomly divided into four groups: (1) normal saline control group (NC group) which rats received intraperitoneal injection of 2 mL/kg saline; (2) LPS group which rats received 10 mg/kg LPS by intraperitoneal injection; (3) antagonist RS102895 combined with LPS (R + L group) which rats received intraperitoneal injection of 2 mL/kg RS102895 and 10 mg/kg LPS injection 24 hours after the antagonist treatment; and (4) the antagonist RS102895-loaded polyaldehyde dextran nanoparticles combined with LPS (DNPR + L group) which rats received intraperitoneal injection with 2 mg/kg RS102895 formulated nanoparticle and LPS (10 mg/kg) injection 24 hours after nanoparticle injection. Rats were sacrificed 24 hours after each intervention, and samples were collected for further use.
Preparation of RS102895-Loaded
NPs. Sodium periodate (2 g) was added to 200 mL of dextran (50 mg/mL dissolved in distilled water). After 1 hour, ethanediol was added to the mixture. Secure the mixture with the dialysis membrane bag and precipitate the distilled water for 3 days and dried for 24 hours after participation. The characteristics of polyaldehyde dextran (PAD) were tested by hydroxylamine hydrochloride method. Dried polyaldehyde dextran (1 g) was dissolved in distilled water (10 mL, 30°C) and mixed with 0.01 g/mL RS102895 solution. After stirred for 30 min, pH was adjusted to 7.4 with sodium hydroxide or hydrochloric acid. The mixture was set for dialysis for 30 min.
Measurement of Characteristics of RS102895 Formulations.
The drug encapsulation efficiency (EE) and loading efficiency (LE) were calculated to characterize the efficiency 2
International Journal of Polymer Science of NPs production. LE was defined as the ratio of the mass of RS102895 in NPs to the total mass of NPs, and EE was the percentage of the mass of RS102895 to the mass of the total used RS102895 for NPs preparation. The mass and purity of RS102895 in NPs were evaluated by HPLC (Malvern Instruments, UK). All measurements were performed in triplicate.
2.7. Arterial Blood Gas Analysis. 24 hours after LPS treatments, 0.5 mL blood was drawn from rat celiac artery by 1 mL syringe and used for blood gas analysis.
Lung
Wet/Dry Weight Ratio. After scarifying the rats, the inferior lobe of the right lungs was excised, cleaned, and weighed to obtain wet weight (W). The lungs were then dried in 80°C oven until the weight stayed constant, and the lungs were weighed again to obtain dry weight (D). The W/D ratio was then calculated.
2.9. TNF-α and IL-1β Measurement. The left lung tissues of rats were taken, and bronchoalveolar lavage (BAL) samples were obtained by lavaging the lungs for 1 min for 3 cycles. The lavage fluid was pooled and kept at −20°C for further use. Enzyme-linked immunosorbent assay (ELISA) was performed according to the instructions of TNF-α and IL-1β ELISA kits. The absorbance was measured at 450 nm, and the concentration of proteins was calculated based on their standard curves.
Western Bolt.
The lung tissues of rats in each group were collected, excised, and washed three times with precooled PBS. The tissues were lysed and homogenized. The lysate of tissue was centrifuged, and the top clear supernatant was electrophoresed by SDS-PAGE. The protein strip was then transferred to the PVDF membrane and blocked with 5% skim milk. After blocking, the membrane was washed 5 times for 5 min each using 1X TBST buffer. MCP-1 antibody (1 : 1000 dilution) and β-actin antibody (1 : 1000 dilution) were added to the membrane and incubated at 4°C overnight. After washing 5 times with TBST, a secondary antibody was added at a concentration of 1 : 5000 and incubated for 1 hour at 37°C. ECL developer was applied, and the membrane that was subjected to Quantity One Software was used for data analysis.
RT-PCR.
The mRNA expression of MCP-1 was measured by RT-PCR, and β-actin was included as internal reference. Lung tissues were lysed in Trizol reagent, and then the mixtures were homogenized to ensure complete breakdown of the tissues. The tissue lysates were set still at room temperature for 5 min. Following that, chloroform was added, and the whole mixture was vortexed for 1 min. The mixture was incubated for 3 min at room temperature and then centrifuged at 12000g for 1 min at 4°C. The top clear layer was carefully transferred into a new RNAse free Eppendorf tube, and an equal amount of isopropanol was added to precipitate RNA. The samples were centrifuged for 15 min to participate the RNA pellets. Each pellet was washed once with 75% ethanol, air dried, and then dissolved in RNAse-free water. The concentration and purity of RNA were determined by using Nanodrop. PCR was performed to amplify the cDNA of the target gene. RT-PCR was used to determine the expression of MCP-1 mRNA in each group.
2.12. Statistical Analysis. SPSS 18 software was used for statistical analysis. Data were presented in mean ± standard deviation format. Between-group comparisons were carried out by one-way analysis of variance (One-way ANOVA). Multiple-group comparisons were conducted by F test. A significant level of each test was set to be P < 0 05.
Results

Characterization of NPs.
In this study, the LE of nanoparticle was 23.1 ± 7.1%. The EE of RS102895 nanoparticle was 40.4 ± 4.7%. The average size of RS102895 nanoparticle was found to be around 145 ± 32.9 nm.
3.2. Cell Viability. Compared with the control group (0 ng/mL LPS), the HPAEC cell viability significantly decreased in response to the increased dose of LPS interventions. The dosage of LPS interventions was 100 ng/mL, 500 ng/ml, and 1 μg/mL, correspondingly, the cell viabilities were 83 ± 4.58, 71.00 ± 3.61, and 47.67 ± 2.51. The differences among each group were significant (P < 0 05) (Figure 1 ).
Cell Apoptosis.
To further confirm the effect of LPS on cell viability, Annexin V-APC/7-AAD flow cytometry was used to detect cell apoptosis. The percentages of apoptosis were 37.10 ± 1.73 and 46.27 ± 1.55 after 100 ng/ml and 500 ng/ml LPS interventions (Figure 2 ). The difference between the two groups was statistically significant (P < 0 05). With a further increase of LPS dose, the apoptosis percentage increased to 54.60 ± 2.80, which is statistically higher than those of 100 ng/mL and 500 ng/mL (P < 0 05).
3.4. Blood Gas Analysis. According to the blood gas analysis data, PaO 2 and PaO 2 /FiO 2 of LPS group were lower than those of NC group; the difference between the groups was statistically significant (P < 0 05). The PaO 2 /FiO 2 of LPS group was less than 300 mmHg, which met the clinical diagnostic standard of ALI. PaO 2 International Journal of Polymer Science were significantly higher than group L but significantly lower than those of NC group (P < 0 05) ( Table 1 ). Compared to group R + L, PaO 2 and PaO 2 /FiO 2 of group DNPR + L were significantly lower (P < 0 05) ( Table 1) .
3.5. Lung Wet/Dry Weight Ratio. 24 hours after LPS induced in ALI models, rats in group L were in poor physiological conditions with low activity and poor mental state, while the activities of rats in the NC group were normal. The lung wet/dry weight ratio of LPS group was significantly higher than that of the NC group (P < 0 05). The lung wet/dry weight ratio of group R + L was significantly lower than group L but significantly higher than the NC group (P < 0 05). The lung wet/dry weight ratio of group DNPR + L was significantly decreased compared to group R + L (P < 0 05) ( Table 1 ).
3.6. TNF-α and IL-1β Measurement. The level of TNF-α and IL-1β in BALF were measured by using commercial ELISA kits. The concentrations of TNF-α and IL-1β in BALF significantly increased in the LPS group compared with the NC group (P < 0 05). The concentration of TNF-α increased from 61.51 ± 6.22 to 440.34 ± 29.06, while the concentration of IL-1β increased from 45.38 ± 4.55 to 341.19 ± 27.51. Antagonist RS102895 pretreatment remarkably decreased the levels of TNF-α and IL-1β compared to LPS alone group (P < 0 05) ( Table 2 ). Concentration levels of TNF-α and International Journal of Polymer Science IL-1β in group DNPR + L were significantly lower than those in group R + L (P < 0 05).
The Expression Level of MCP-1 in Lung
Tissue. The expression level of MCP-1 significantly increased in the LPS group compared to the control group (P < 0 05). The increase was markedly inhibited by the preinjection of RS102895 (P < 0 05). However, the inhibition was not effective enough to counteract the MCP-1 increase induced by LPS posttreatment, as the MCP-1 level was still significantly higher than the control group (P < 0 05). The expression of the MCP-1 protein in group DNPR + L was significantly lower than those in group R + L, but the expression of the MCP-1 protein in group DNPR + L was still significantly higher than that in NC (P < 0 05, P < 0 05, Figure 3 ).
MCP-1 mRNA Expression.
The expression of MCP-1 mRNA in lung tissue was examined by real-time fluorescence quantitative PCR. Compared with the NC group, MCP-1 mRNA expression in LPS group increased by 9.13 ± 1.15 times, and the difference was statistically significant (P < 0 05). Compared with the LPS group, the expression of MCP-1 mRNA in R + L group decreased by 2.55 ± 0.43 times, and the difference was statistically significant (P < 0 05). In addition, the expression of MCP-1 mRNA in R + L group was higher than that in the control group, and the difference was statistically significant (P < 0 05).
Compared to NC, the expression of MCP-1 mRNA in group DNPR + L significantly increased (P < 0 05, Figure 4 ).
Discussion
ALI is a disease characterized by acute pneumonia and tissue injury [15] . The incidence of the disease is high and the overall mortality rate amounts to 40% [16] . Bacterial infection is the most common cause of ALI, which may cause lung or systemic inflammation. LPS is the main component of gram-negative bacteria. It is reported that LPS can activate cytokines through a series of cell signal transduction, which promote the release of a large number of inflammatory factors, subsequently induce cell apoptosis, and lead to the occurrence of ALI [17] [18] [19] [20] . In this study, in vitro experiments investigated the effects of different doses of LPS (100 ng/mL, 500 ng/mL, and 1 μg/mL) on human pulmonary artery endothelial cells. The experimental results showed that LPS can induce an inflammatory reaction. As the LPS dosage 5 International Journal of Polymer Science increased, the cell survival rate decreased gradually along with the apoptosis rate significantly increased (P < 0 05).
MCP-1, which belongs to the chemokine family, is a secretory protein that plays an important role in the development of inflammation [21] . Moderate or controlled inflammation is a positive and protective response to multiple injuries, while over or uncontrolled inflammation is harmful and pernicious. Studies have shown that the expression of MCP-1 and MCP-1 mRNA increase significantly when the body suffers chronic and acute inflammations [22, 23] . In addition, the overexpression of MCP-1 can aggravate the occurrence of tissue damage [24] . By binding to its major receptor-CCR2, MCP-1 recruits mononuclear cells, macrophages, and induces cytokine expression [25] [26] [27] . MCP-1/ CCR2 pathway is reported to be involved in the pathogenesis of cardiovascular diseases, diabetes, transplantation, and cancer [28] [29] [30] . Kalnins et al. suggested that interruption of MCP-1/CCR2 interaction is a promising immunosuppressive therapy for heart transplantation in rats [31] . Gibon et al. also proposed that inhibition of the interaction between MCP-1 and CCR2 weakened their cell chemotaxis abilities [32] . Here, our in vivo study also provided evidence that the blockage of this ligand-receptor axis by CCR antagonists not only effectively reduces the levels of inflammatory cytokines but also reduces chemokines, which, overall, attenuates acute lung injury symptoms in LPS-induced ALI rat model. However, during our study, we found out that direct administration of the antagonist RS102895 is not effective enough for treatment. Therefore, we alternated the way for delivering the inhibitor. We polymerize dextran into polyaldehyde dextran and taken this polymer as a vector vehicle to transfer the inhibitor into intracellular space, and with the help of the nanoparticles, the inhibit efficiency raised from 60% to 80%.
However, our results also indicated that the protective effects of MCP-1/CCR2 blockage cannot counteract the effects of LPS challenge evidenced by significant differences between R + L group and NC group. The MCP-1/CCR2 pathway is only one of many pathways in systematic disease such as acute lung injury. LPS is recognized by toll-like receptors on the membrane of antigen-presenting cells, which triggers LPS/TLR/MyD88/IRAK/TRAF/NF-κB signaling pathway [33, 34] . The activation of NF-κB results in more inflammatory cytokines and chemokines such as TNF-α, IL-1β, and MCP-1. If the MCP-1 expression level keeps increasing, more leukocytes would be attracted accompanied by an increase of TNF-α and IL-1β. This loop is endless and overwhelming. Interventions which are able to inhibit LPS/TLR/MyD88/NF-κB signaling pathway must be more effective to prevent the negative consequences.
In conclusion, the MCP-1/CCR2 signaling contributes to the pathogenesis of acute lung injury. In order to test whether MCP-1/CCR2 pathway could be a potential therapeutic target for ALI treatment and molecules interfering with MCP-1/CCR2 interaction could be studied and regarded as a promising ALI therapy, future clinical trials should be taken into consideration. And our method to deliver the inhibitor through self-synthesized nanoparticles may provide a more efficient way for drug delivery. Furthermore, aside from inhibition of MCP-1/CCR2 interaction, inhibition of TLR/ MyD88/NF-κB signaling pathway might be a more promising treatment for acute lung injury.
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